Methionine auxotrophs of Escherichia coli cease replicating DNA after one round of replication if grown in medium in which ethionine or norleucine are substituted for required methionine. Initiation of chromosome replication occurs in the presence of these analogs, and cells continue to make DNA until a region of the template is reached which was synthesized in the presence of the methionine analog (6) . To explain these results, it was proposed that a methylated template was necessary for DNA replication (5) .
Ethionine can be incorporated into proteins in place of methionine (10) . It is possible, therefore, that proteins required for DNA synthesis might be unable to function when containing this amino acid analog. In this paper, it is shown that protein synthesis is needed to restore DNA synthesis in vivo after growth in the presence of ethionine.
If ethionine is to be used to study the effects of preventing DNA methylation, it is essential to have a system in which these can be distinguished from those resulting from aberrant protein synthesis. This has been accomplished by using the in vitro method of Schaller et al. (9) , in which protein synthesis cannot occur. In this system, cells are gently lysed on cellophane disks, and the lysate is incubated over droplets containing various reaction mixtures. This method does not subject the large-template DNA molecule to physical stress, which could result in breakage, and it appears to allow DNA synthesis to proceed in a manner characteristic of in vivo bacterial chromosome chain elongation.
By using this system, it has been possible to show that lysates prepared from cells grown in the presence of ethionine show a marked decrease in ability to support DNA synthesis. Synthesis can be restored by incubation of such lysates with S-adenosyl methionine (SAM) and ATP. However, the DNA synthesis which occurs after this treatment appears to be mediated by DNA polymerase I. MATERIALS AND METHODS
Strains. H560 F-thyA arg poLAI endA tsx rpsL was obtained from F. Bonhoeffer.
CR34 F-thyA thr leu thi lac tonA rpsL and E486 F-thyA thr leu met thi lac tonA rpsL dnaE486 (11) were obtained from J. Wechsler.
BT4109 F-thyA poLA4109 was obtained from B Olivera. This strain is temperature sensitive for DNA polymerase I polymerizing activity but has normal 5' 3' exonuclease activity (8) . WA3062 F-thyA arg t7p met, a derivative of E. coli 15T-(555-7) cured of P15 bacteriophage, was obtained from W Arber.
A poL41 derivative of a methionine auxotroph of H560 was constructed, using P1 bacteriophage transduction and selecting for methyl methane sulfonate resistance. Methionine auxotrophs of H560, CR34, and BT4109 were isolated by using nitrosoguanidine mutagenesis followed by penicillin selection. The E486 strain is a spontaneous met mutant isolated by J. Wechsler.
METHYLATION-DEPENDENT DNA SYNTHESIS
antiserum were gifts of A. Kornberg. DNA polymerase III was a gift of M. Gefter.
Incorporation of radioactive isotope. Cultures growing in the presence of radioactive thymine were assayed by collecting samples (0.1 ml each) on Whatman 3 MM filter paper disks. After drying, the disks were treated with cold 10% trichloroacetic acid, washed with 5% trichloroacetic acid and ethanol, and dried. They were placed in organic scintillation fluid and counted in a Beckman scintillation counter.
In vitro synthesis of DNA. Cells were grown in a rotary shaker bath to a titer of about 108 cells/ml at either 370C for H560 or CR34, or 300C for E486.
[I4C]thymine (0.03 ,uCi/4 ,ug per ml) was added to prelabel the cells to calculate the cell concentration on each cellophane disk.
When cells grown in ethionine medium were needed, the bacteria were collected on B-5 membrane filters (Schleicher & Schuell Co.), washed, and suspended in medium containing this analog. Such cells were grown in the presence of ethionine until DNA synthesis had ceased before harvesting.
Lysates were prepared on cellophane disks on buffer agar by the method of Schaller et al. (9) . A few minor changes were made. 0.5% Brij 58 was added to the lysozyme solution instead of to the bacterial suspension, and 0.2 M Tris buffer (pH 7.8) was substituted for morpholinopropane sulfonic acid (MOPS) in the agar plates.
About 5 x 107 cells were spread on a cellophane disk (diameter, 16 mm). After lysis and drying, these disks were incubated on 50-ji drops of radioactive incorporation mixture at the desired temperature. The composition of the buffer for the incorporation mixture (TMK) was as follows: Tris buffer (pH 7.8), 20 mM; MgCl2, 5 (4), which is specific for methylated DNA. DNA polymerase I (0.2 U/disk) and DNA polymerase III (0.01 U/disk) were spread onto the cellophane disks as a mixture with the bacteria. Anti-DNA polymerase I antiserum (1:10 dilution of heated gamma-globulin) was either spread onto the cellophane disks before the bacteria-DNA polymerase I mixture was added, or it was added later, when the lysates were placed on agar plates to remove the SAM and ATP by dialysis.
RESULTS
Synthesis of DNA after growth in ethionine-the inhibitory effect of chloramphenicol. When methionine auxotrophs are grown in ethionine medium, the DNA content of the culture doubles, after which DNA synthesis ceases. Addition of methionine reverses this inhibition.
A culture of WA3062, similar to WA2365 used in previous experiments (6) In vitro synthesis of DNA after incubation with ethionine. Lysates of E. coli methionine auxtrophs which had been grown in ethionine medium until DNA synthesis ceased were used for in vitro experiments. Figure 2 shows results obtained with lysates of CR34, using the cellophane disk system described by Schaller Fig. 2) . Lysates of this strain lack DNA polymerase III activity even at low temperatures, e.g., 250C (1); however; DNA polymerase I activity is present in normal amounts. Addition of purified DNA polymerase III restores some activity to lysates of methioninegrown cells. However, pretreatment of lysates of ethionine-grown E486 with SAM restores incorporation without added DNA polymerase III, and addition of DNA polymerase III does not enhance the restored activity.
ATP requirement and inactivation of DNA polymerase I activity by anti-DNA polymerase I antibody. The activity restored by SAM pretreatment requires ATP (Fig. 5) . After SAM pretreatment, SAM and ATP were In vitro DNA synthesis by lysates ofE. coli CR34 grown in ethionine. A culture of E. coli CR34 (10( cells/ml) was transferred to medium containing ethionine instead of methionine. After 160 min when DNA synthesis had ceased, lysates were prepared on cellophane disks and incubated on drops of reaction mix at 370C for various lengths of tine. One series (0) was preincubated for 5 min on TMK buffer plus ATP. Another (0) was preincubated for 5 min on TMK buffer plus ATP and SAM. DNA synthesis was also measured in a lysate that was prepared from a culture growing exponentially in medium plus methionine (0). This lysate was not pretreated with SAM. removed by dialysis from the lysate (the ceilophane disks were transferred to agar plates and allowed to dialyze at 4°C). The activity of the lysates depended on the presence of ATP in the reaction mixture. In other experiments (not shown), a similar dependence could be demonstrated for poU lysates to which DNA polymerase I had been added.
An hibited the reaction completely. It appears possible, therefore, that DNA polymerase I is active in a form in which it is unavailable to added antibody.
Requirement for DNA polymerase I in vivo. The in vitro incorporation of TTP occurs in the absence of protein synthesis. In the experiment in Fig. 1 , incorporation of [3H]thymine was observed after restoring methionine in the presence of chloramphenicol. This incorporation does not result in a net increase in DNA, and it is dependent on DNA polymerase I (Fig. 7) . BT4109, a strain in which the polymerase activity of DNA polymerase I is temperature sensitive, was used. The culture was labeled with [14C]thymine and incubated at 300C in ethionine medium until DNA synthesis ceased. Methionine and [3H]thymine then were added as well as chloramphenicol and portions of the culture incubated at 30 and 420C. At 300C, the results were the same as those seen previously (Fig. 1) . However, incorporation of [3H]thymine was inhibited at 420C by chloramphenicol. No such inhibition occurred at 420C in the wild-type strain (data not shown). Thus, the in vivo incorporation which can occur in the presence of chloramphenicol depends on DNA polymerase I. In the absence of chloramphenicol (Fig. 7) Fig. 3 show that DNA polymerase I must be present in lysates of ethionine-grown cells for DNA synthesis to occur after treatment with SAM. This does not appear to be true in vivo, since BT4109, grown in ethionine medium, can resume replication at both 30 and 42°C after the addition of methionine (Fig. 7) . Similarly, both H560 and its poUA+ derivative recover from growth in the presence of ethionine after addition of methionine to the medium (results not shown). This may be due to the presence of low levels of DNA polymerase I in polA cells sufficient for in vivo but not in vitro recovery. In support of this, it should be noted that recovery is more rapid when DNA polymerase I is active. Alternatively, some other component of replication may be able to substitute for DNA polymerase I in vivo but not in vitro.
The effect of chloramphenicol upon recovery from growth in the presence of ethionine indicates that some protein required for replication is unavailable. As yet, it has not been possible to identify the protein (or proteins) lacking.
ThepoUA-dependent turnover of DNA in the presence of chloramphenicol observed after addition of methionine to ethionine-grown cells most probably corresponds to the SAM-reactivated synthesis observed in vitro.
DNA polymerase I is generally assumed to function in repair synthesis. This enzyme may be required for the repair of damage incurred either during growth in the presence of ethionine or as a result of methylation which is not synchronous with replication. It is possible that certain undermethylated regions of DNA are either not methylated or are methylated in such a way as to appear to be errors. These might then be recognized, excised, and replaced by DNA polymerase I. Such a mechanism could be responsible for the mismatch repair of X bacteriophage DNA described by Ryokowski et al. (M. Ryokowski, P. Pukkila, M. Radman, R. Wagner, and M. Meselson, Cold Spring Harbor Symp. Quant. Biol., in press). These authors observed that mismatch repair acts selectively on the replica strand rather than template DNA and depends upon undermethylation of the former.
Altematively, the isolation of conditional lethal mutants lacking the 5' -. 3' exonucleolytic activity of DNA polymerase I may indicate that this enzyme is essential for replication (3, 8) . I am currently investigating the effects which various conditional lethal mutations in genes essential for DNA replication may have on the DNA polymerase I activity described here.
